Introduction: High levels of plasmatic branched-chain amino acids (BCAA), commonly used as dietary supplements, are linked to metabolic risk factors for Alzheimer's disease (AD). BCAA directly influence amino acid transport to the brain and, therefore, neurotransmitter levels. We thus investigated the impact of BCAA on AD neuropathology in a mouse model. Methods: 3xTg-AD mice were fed either a control diet or a high-fat diet from 6 to 18 months of age. For the last 2 months, dietary BCAA content was adjusted to high (150%), normal (10%), or low (250%).
Introduction
Alzheimer's disease (AD) is the most prevalent neurodegenerative disease, and the number of demented patients in the world is predicted to double within the next 15 years because of the aging population [1] . Given the lack of disease-modifying treatments, controlling environmental risk factors remains an attractive opportunity to reduce the incidence of AD [2] . Changing dietary habits has been proposed as a means of delaying the onset of the disease either through direct effects on brain function or indirectly by improving peripheral metabolic determinants [3] . Indeed, common nutrients such as lipids, amino acids, and polyphenols may have significant impact on cognitive performance [4] [5] [6] . However, the optimal diet to be used in prevention trials remains to be determined.
Branched-chain amino acids (BCAA; leucine, isoleucine, and valine) are essential amino acids, comprising approximately 20% of protein intake. BCAA are commonly used as dietary supplements, by doubling the daily intake of those amino acids, to increase muscular mass and recovery after exercise [7, 8] . However, a BCAA-related signature is identifiable in a context of metabolic disorders: circulating BCAA are increased in people suffering from obesity and have been shown to predict insulin resistance and other complications related to metabolic diseases [9, 10] . Evidence from metabolomics studies indicate that high-fat diet (HFD) acts in synergy with BCAA to induce metabolic disorders, at least in animal models [11] .
BCAA enter the central nervous system via the large neutral amino acids transporter (LAT1) at the blood-brain barrier, where they compete with tryptophan and tyrosine, which are direct precursors to serotonin and dopamine, respectively [12] . Thus, circulating BCAA can modulate levels of these key neurotransmitters in the brain, thereby altering brain function and behavior [13] [14] [15] [16] . Because cognitive impairments observed in AD have been associated with a neurotransmitter imbalance [17] , we hypothesize that BCAA intake can modulate AD-like behavior. Indeed, the maple syrup urine disease is a neurometabolic disorder characterized by a toxic accumulation of BCAA and their metabolites, which leads to severe mental retardation and encephalopathy [18, 19] .
It is only recently that studies have provided clues to a potential link between BCAA and AD pathogenesis. A metabolomic analysis from the ADNI cohort recently reported inverse correlations between plasmatic valine concentrations and cognitive deficits, as well as ventricle volume in symptomatic stages [20] . Another metabolomic study in large prospective cohorts relates higher levels of plasma BCAA with a lower risk of dementia [21] . Conversely, a genome-wide association study suggests that singlenucleotide polymorphisms (SNPs) associated with higher plasma isoleucine levels are positively associated with the risk for developing AD [22] . However, no studies have focused yet on the effect of BCAA consumption on AD pathology. Thus, we investigated the impact of both BCAA supplementation and restriction in old 3xTg-AD mice, an animal model of age-related behavioral impairments and Ab/tau neuropathologies.
Methods

Animals and diets
The 3xTg-AD (APP swe , PS1 M146V , tau P301L ) mouse model of genetically induced AD-like neuropathology was used with an equal number of males and females in each group. Mice produced at our animal facility received either a control diet (CD; 12% kcal fat) or a high-fat diet (HFD; 60% kcal fat) for a 10-month period starting at the age of 6 months. At 16 months of age, groups of mice were exposed until 18 months to the same diets modified to include high (150%), normal (10%), or low (250%) BCAA content (Fig. 1A) . Table 1 provides a detailed description of the amino acids measured in the diets using gas chromatography with flame ionization detector (see methods below), whereas Supplementary Table 1 contains the list of amino acids added to the formulations. Supplementary Table 2 shows the description of fatty acids measured in the diets using gas chromatography. Diets were formulated and custom-made by Research Diets, Inc. (New Brunswick, NJ) to ensure uniformity between groups and consistency with our previous studies with the 3xTg-AD mouse [23, 24] .
All mice were put under deep anesthesia with a ketamine/xylazine i.p. injection (100 mg/kg ketamine, 10 mg/ kg xylazine) and sacrificed by intracardiac perfusion with 50 mL of ice-cold 0.1 M phosphate buffer saline (PBS) with a cocktail of inhibitors of phosphatases (sodium pyrophosphate 1 mM and sodium fluoride 50 mM) and proteases (SigmaFAST protease inhibitor tablets; SigmaAldrich, St. Louis, USA) as described elsewhere [23] . Rapidly, one hemisphere of the brain was dissected and frozen at 280 C until processing for Western blot, ELISA, or measurements of amino acids and neurotransmitters. All experiments were performed in accordance with the Canadian Council on Animal Care and were approved by the Institutional Committee of the Centre Hospitalier de l'Universit e Laval (CHUL).
Biochemical analyses
Aspartate aminotransferase, alanine aminotransferase, creatine kinase, triglycerides, and cholesterol were analyzed in plasma from intracardiac blood (centrifuged 5 min, 3000 rpm) sampled just before intracardiac perfusion at sacrifice with a modular analyzer (Roche). Only samples with more than 100 mL of plasma could be analyzed with that method. When the hemolysis level reached more than 50 g/dL, samples were eliminated from the analysis. Creatinine was determined with an ELISA kit (B-Bridge International Inc, Santa Clara, CA, USA) according to the manufacturer's instructions.
Behavioral assessment
Recognition memory and locomotor activity were evaluated with the novel object recognition test and the open field test, respectively, as previously described (see the Supplementary Material) [25] .
Amino acid quantification in diet, plasma, and brain
Amino acids in the diets, plasma, and cortex homogenates were analyzed by gas chromatography with flame ionization detector as described in Supplementary Material [26] . 
Protein extraction and Western immunoblotting
For Western immunoblotting and b-Amyloid ELISA, proteins were extracted from the parieto-temporal cortex. The protein extraction method results in a TBS-soluble fraction (intracellular and extracellular fraction), a detergent-soluble fraction (membrane fraction) and a detergent-insoluble fraction (insoluble proteins resuspended in formic acid) as previously described [25] . The detailed method for Western immunoblotting is described elsewhere [24] . The list of primary antibodies used in our experiments is available in Supplementary Table 5 . Homogenates were all run on the same gel for each experiment.
Ab 40 and Ab 42 quantification
Ab 40 and Ab 42 were measured in TBS-soluble and detergent-insoluble fractions from the parieto-temporal cortex using sensitive human b-Amyloid ELISA kits (Wako, Osaka, Japan) according to the manufacturer's instructions, as shown [24] . Plates were read at 450 nm using a Synergy HT multidetection microplate reader (Biotek, Winooski, VT, USA).
Statistics
Data are presented as the mean 6 SEM. Statistical analysis used and the numbers of mice per group are specified in each figure or legend. Briefly, one-(one independent variable) or two-way (two independent variables) ANOVAs were used when more than two groups were compared and were followed by Tukey's post hoc (equal variance). In case of unequal variance, Dunnett's post hoc was used or a Kruskal-Wallis followed by Dunn's. The log-rank MantelCox test was used for the analysis of the survival curves. Correlations between variables were investigated using linear regression analyses. All statistical analyses were performed with Prism 5 (GraphPad software, San Diego, CA, USA) or JMP (version 12.1.0; SAS Institute Inc., Cary, IL, USA) softwares, and statistical significance was set at P , .05.
Results
Experiments were performed in the 3xTg-AD mouse model of AD, which develops behavioral impairments as well as Ab and tau neuropathologies with age. Because age-related factors are essential to the development of AD [28, 29] , old 3xTg-AD mice were selected. To evaluate the impact of BCAA on AD pathogenesis, 3xTg-AD mice were hoc analysis: *P ,.05, **P ,.01. Two-way ANOVA, followed by Tukey's HSD, effect of the diet: &&& P ,.001. Abbreviations: CD, control diet; HFD, high-fat diet; ctl, normal levels of BCAA; high, BCAA-supplemented diet by 50%; low, BCAA-reduced diet by 50%; AST, aspartate aminotransferase; ALT, alanine aminotransferase, CK, creatine kinase; BCAA, branched-chain amino acids.
fed a CD or HFD from 6 to 16 months of age and then both diets were either supplemented or restricted in BCAA by 50% for 2 months (Table 1 ; Fig. 1A ). Animals were exposed to an HFD because it is more representative of prevalent dietary habits in Western societies [30] , and also because HFD has been shown to accelerate AD-like pathology [23, 24, 31, 32] and to synergize with BCAA to induce metabolic disorders [11] in animal models.
BCAA supplementation combined with HFD led to the premature death of two-thirds of 3xTg-AD mice
At the end of the study, only four out of 13 mice (30.8%) in the group fed the HFD survived the 2-month supplementation with BCAA, which is significantly less than the group fed an HFD only, in which 10 mice out of 12 mice (83.3%) survived (Fig. 1B) . Interestingly, no mice restricted in BCAA for the 2-month period died prematurely, regardless of the base diet. Although a total of 15 animals from all groups died before the end of the planned study, we were able to sacrifice a few (n 5 7) in the high-BCAA HFD group while they were in critical conditions, allowing collection of intracardiac blood and brains as described in the Methods. These moribund mice fed the combination of HFD and BCAA (identified with red circles in Fig. 1 ) displayed higher aspartate aminotransferase, alanine aminotransferase, and creatine kinase plasmatic concentrations (Fig. 1C, D and E) , suggesting major liver, muscular, or cardiac damage [33] . A two-way ANOVA Abbreviation: BCAA, branched-chain amino acid. NOTE. Amino acid content of the diets, accounting for casein and amino acid supplementation, was determined by GC-FID. *Arginine cannot be determined with the technique used and tryptophan degrades quickly during acid hydrolysis.
revealed that mice fed the HFD, independently of BCAA intake, had lower plasmatic creatinine concentrations, possibly due to reduced muscle mass (Fig. 1F ) [34] . No differences were found in plasma triglycerides and cholesterol levels between each group (Supplementary Table 4 ).
3.2. Titrating BCAA supply modifies plasma and brain amino acids and monoamines levels in 18-month-old 3xTg-AD mice
High BCAA consumption was reported to directly modify levels of plasmatic BCAA and aromatic amino acids (AAA) in humans [14] . Because tryptophan, threonine, tyrosine, valine, leucine, and isoleucine all compete for LAT1 for brain entry, specific changes in circulating amino acids may impact their balance in the brain, as well as downstream monoaminergic neurotransmitters [13, 14] . We thus measured levels of amino acids in the plasma and parieto-temporal cortex (Fig. 2) . We first confirmed that BCAA restriction decreased valine, leucine, and isoleucine concentrations in the plasma in both CD and HFD groups, but not in the cerebral cortex ( Fig. 2A, D) . Lower BCAA intake also increased the ratio of circulating AAA to BCAA and levels of glycine and tyrosine under both types of diets (Fig. 2B, C) . Although a 50% higher consumption of BCAA was not reflected in significantly higher plasmatic or cortical concentrations, increased asparagine levels were noted in the plasma of mice supplemented with BCAA in either the CD or HFD (Fig. 2C) . Moreover, threonine levels were markedly modulated in the brain with higher and lower concentrations following low and high BCAA intake, respectively, whether in CD or HFD (Fig. 2F) . Changes in cortical tyrosine levels were not significant, probably due to interindividual variations (Fig. 2F) , whereas cortical concentrations of tryptophan, but not phenylalanine, were inversely associated with levels of BCAA in the plasma in both CD and HFD (Fig. 2F) .
To confirm that modulations in plasmatic and brain amino acids impact neurotransmitter synthesis, we measured catecholamines (dopamine, DA) and indolamines (serotonin, 5-HT) and their metabolites in the prefrontal cortex and hippocampus of the 3xTg-AD mice (Fig. 3) . Whereas BCAA intake did not affect DA concentrations in 3xTg-AD mice, a trend toward higher 5-HT content was observed in both the prefrontal cortex and hippocampus of mice fed an HFD reduced in BCAA compared with mice fed an HFD only (Fig. 3A, F) . In addition, a low BCAA intake led to higher levels of metabolites 5-hydroxyindoleacetic acid (5-HIAA) and 3,4-dihydroxyphenylacetic acid (DOPAC) in both the prefrontal cortex and hippocampus, compared to the HFD supplemented with BCAA (Fig. 3B, D, G) .
Low BCAA dietary intake improves object recognition memory in old 3xTg-AD mice
To assess the effect of BCAA dietary intake on memory function, all groups of mice underwent the novel object recognition task at 18 months (Fig. 4A) . This test requires minimal movement and induces no anxiety, which makes it a suitable choice for old 3xTg-AD mice [24] . The test first confirmed that 18-month-old 3xTg-AD mice, fed either a CD or a HFD, did not discriminate the novel from the old object (Fig. 4B, C) , as previously shown [25] . Similarly, 3xTg-AD mice fed the high BCAA diet failed to recognize the novel object. In contrast, 3xTg-AD mice fed the low BCAA diets, either CD-low or HFD-low, spent significantly more time exploring the novel than the familiar object, suggesting memory improvement after BCAA restriction. The open field test confirmed that no group of mice demonstrated impaired voluntary locomotor activity, which could have affected exploratory behavior (Fig. 4D) . The time the mice spent on a wire confirms that muscular strength was not affected by dietary treatments (Supplementary Fig.1 ). Interestingly, cortical threonine levels were correlated with the recognition index (Fig. 4E) .
BCAA supplementation in an HFD context worsens tau hyperphosphorylation but not amyloid pathology in old 3xTg-AD mice
Tau hyperphosphorylation is one of the main neuropathological hallmarks of AD, correlating with cognitive deficits in patients with AD [28, 35] . Here, we found that a 2-month BCAA supplementation combined with HFD was sufficient to increase soluble tau pSer202 (194%), pSer202/Thr205 (1271%), pThr231 (1680%), and pThr181 (193%) compared with control mice, without changing the level of total tau (Fig. 5A-D) . Strikingly, phosphorylation of detergent-insoluble tau at pSer202 was also increased in the HFD-high group (1151%), whereas tau pSer396/404 and both total tau and total human tau were unchanged ( Fig. 5E-H) . In contrast, reducing the BCAA resulted in a tau phosphorylation status similar to mice fed the CD. However, we did not find any changes in protein levels of the main kinases involved in tau phosphorylation (Supplementary Table 5 ).
Accumulation of brain Ab peptides and extracellular plaques are key markers of AD replicated in the 3xTg-AD mouse [25, 28] . However, we did not observe any effect of BCAA consumption on Ab 40 or Ab 42 peptides in soluble or detergent-insoluble fractions (Fig. 5I, J) . Finally, we found that the cytochrome oxidase protein, a marker of cellular activity, was greatly increased in the cortex of mice fed the HFD supplemented with BCAA (Fig. 5K) . No changes in drebrin (Fig. 5L) or other AD-relevant markers were noted (Supplementary Table 5 ).
Discussion
The consumption of high levels of BCAA is prevalent in our contemporary society, but no study to our knowledge has directly probed for the impact of high or low BCAA intake in a context of AD and old age [8, 36] . Correlative data linking BCAA and AD exist [20] [21] [22] , but conclusions on causality require controlled intervention difficult to achieve in a clinical setting. In this study, 3xTg-AD mice were either supplemented or restricted in BCAA over a CD or HFD from 16 to 18 months of age. We found that BCAA supplementation combined with a HFD resulted in a significant mortality rate and strongly increased tau neuropathology. In contrast, reducing BCAA in both the CD and HFD did not result in any premature death, improved cognitive performance, and led to increased levels of threonine, tryptophan, 5-HT, 5-HIAA, and DOPAC in the brain.
BCAA toxicity
A first striking consequence of BCAA supplementation when combined with an HFD was a shortening of the lifespan of 3xTg-AD mice. Rises in plasmatic alanine aminotransferase, aspartate aminotransferase, and creatine kinase were observed in moribund animals and represent a possible signature of hepatic and muscular toxicity, corroborating previous studies reporting BCAA-induced liver injuries in HFD-fed obese mice, inflammation and oxidative stress [33, 37] . Although the cause of death for all the animals included in our study is not definitive, major brain damages (atrophy, edema, etc.) were not observed, suggesting that hepatic and muscular toxicity played a more direct role in their premature death. Although little is known about BCAA metabolism in the elderly, some studies have revealed that the response to BCAA supplementation is different in old age [38] . Thus, 18-month-old 3xTg-AD mice could display a failure in catabolizing BCAA, thus disturbing amino acids homeostasis in the brain and peripheral tissues.
Modulation of amino acids by BCAA intake: Plasma and brain levels
Our results further confirm that BCAA dietary supply modulates plasma and brain amino acids and catecholamines. Perhaps surprisingly, BCAA supplementation was not accompanied by a significant increase in plasmatic and cortical concentrations in the 3xTg-AD mouse, but rather by higher levels of asparagine in the plasma and lower cortical threonine. It should be kept in mind that the present measurement reflect an equilibrium reached following 2 months of altered BCAA intake, which is also affected by other factors such as distribution of amino acids in tissue where they integrate into proteins and elimination (metabolism and renal clearance). Still, BCAA restriction lowered BCAA and increased tyrosine concentrations in the plasma, whereas in the cortex, levels of threonine and tryptophan were upregulated, suggesting complex interactions in amino acid homeostasis.
Previous studies have shown that BCAA administration decreases cortical tyrosine and tryptophan in the hippocampus of rats [39] . The likely mechanism is competition for amino acid transporters at the blood-brain barrier [12] . However, despite obvious trends in the means, no significant change in brain tyrosine content was detected here due to interindividual variation. More clearly, increases and decreases in BCAA intake induced a strong modulation in cortical concentrations of threonine, possibly due to the fact that brain uptake of threonine is highly sensitive to competition from BCAA [40] . Finally, although we did not observe a decrease in serotonin following BCAA supplementation as previously reported [15, 39] , a 2-month reduction in dietary BCAA combined to a HFD led to a trend toward increased serotonin and dopamine levels. This tendency was supported by significant increases in serotonin metabolite 5-HIAA and dopamine metabolite DOPAC, changes typically interpreted as signs of increased secretion and metabolism of these neurotransmitters [41] . Overall, our results confirm that BCAA dietary supply modulates plasmatic and cerebral amino acids and neurotransmitters, thus providing a means by which they can modify brain homeostasis and function.
BCAA and memory
The observed failure of 18-month-old 3xTg-AD mice to recognize the novel object is consistent with previous work in the same model at similar ages [5, 24, 25] . As old transgenic mice did not recognize the novel object, it was predictable that further deterioration of memory could not be detected at this age even after BCAA supplementation. However, a 2-month reduction in BCAA intake improved recognition memory in mice fed either the CD or HFD. Pearson's coefficient (r 2 ) was determined using linear regression: ## P ,.01. X: insufficient number of healthy mice. Abbreviations: CD, control diet; HFD, high-fat diet; ctl, normal levels of BCAA; high, BCAA-supplemented diet by 50%; low, BCAA-reduced diet by 50%; BCAA, branched-chain amino acid.
These results were intriguing because HFD is known to worsen cognitive defects in 3xTg-AD mice [24] . The observed increase in cortical amino acids and monoamines may underlie these memory improvements, as suggested by the fact that the animals with the higher levels of brain threonine performed better at the novel object recognition task. In particular, threonine, tryptophan, and serotonin are known to be involved in behavioral changes [15, 42] .
BCAA and AD neuropathology
BCAA have been only recently implicated in AD. Plasmatic valine has been linked to cognitive score and brain atrophy in an AD cohort [20] , while a recent Mendelian randomization analysis indicates that genetic susceptibility to high plasmatic isoleucine is associated with a higher risk of developing the disease [22] . APP/PS1 mice, a mouse model Other AD markers Fig. 5 . BCAA-supplemented HFD worsens tau pathology but not amyloid pathology in 18-month-old 3xTg-AD mice. TBS-soluble tau phosphorylation at pSer202, pSer202/Thr205, pThr231, and pThr181 (A-D), detergent-insoluble tau phosphorylation at pSer202 and pSer396/404 (E, F), detergent-insoluble total tau and total human tau (G, H), TBS-soluble and detergent-insoluble Ab 42 /Ab 40 (I, J), detergent-soluble cytochrome oxidase 1 (K), and ratio of detergent-soluble on TBS-soluble drebrin (L) measured by Western blot in cortex homogenates. Data for tau phosphorylation were calculated as the ratio of the phosphoepitope to total tau concentration. Data are presented as mean 6 SEM. One-way ANOVA, Dunnett's (vs CD) post hoc analysis: *P ,.05, **P ,.01. Representative bands were selected from nonconsecutive samples run on the same gel. Abbreviations: BCAA, branched-chain amino acid; CD, control diet; HFD, high-fat diet; ctl, normal levels of BCAA; high, BCAA-supplemented diet by 50%; low, BCAA-reduced diet by 50%; OD, optical density; Ab, amyloid b.
of amyloid pathology, spontaneously display increased plasmatic BCAA, without obesity, suggesting that AD pathology potentiates defects in BCAA metabolism, putting patients with AD at a higher risk of BCAA-induced brain damages [43, 44] . Conversely, tau pathology is one of the major neuropathological markers of AD, strongly associated with antemortem cognitive deficits [35, 45] . We found that a 2-month BCAA supplementation combined with a HFD strongly increased both soluble and detergentinsoluble tau hyperphosphorylation in the cortex of old 3xTg-AD mice. These results suggest that the combination of BCAA supplementation and HFD has synergistic deleterious effects on AD pathology and neuronal function. To our knowledge, it is the first time that BCAA supplementation has been implicated in tau phosphorylation. Although synaptic and amyloid pathologies were unaffected by BCAA modulation, the rise in cytochrome oxidase 1 protein in cortex homogenates of mice under BCAA-supplemented HFD suggests an increase in mitochondrial oxidative activity in those mice, possibly reflecting a state of neuronal oxidative stress [46] .
Conclusion
There is scientific evidence that dietary intervention can reduce the risk of developing age-related cognitive impairment or AD [3, 47] . Thus, nutritional strategies aimed at reducing AD pathology are of interest in the field. This study provides controlled preclinical data pinpointing the specific role of BCAA in an animal model of AD. For the first time, our results identify the potential risks of combining high BCAA consumption with a HFD, not only regarding peripheral toxicity but also with respect to the aggravation of AD-like tau neuropathology. On a more positive note, our results suggest that reducing the BCAA content in the diet supply, while maintaining protein intake, could have a beneficial effect on memory and could be considered in nutritional interventions aimed at improving cognitive performance and/or reducing the incidence of AD. Thus, it would be interesting to test whether protein supplementation with low BCAA concentration could prevent mood and memory impairment. Another easier intervention for the elderly would be to promote foods rich in protein but low in BCAA [36] .
